Full Text Methods Images/Data References Related Articles Comments ▼ Highlights • High protein intake is linked to increased cancer, diabetes, and overall mortality • High IGF-1 levels increased the relationship between mortality and high protein • Higher protein consumption may be protective for older adults • Plant-derived proteins are associated with lower mortality than animal-derived proteins ▼ Summary
▼ Introduction
Caloric restriction (CR) without malnutrition has been consistently shown to increase longevity in a number of animal models, including yeast, C. elegans, and mice ( ). However, the effect of CR on the lifespan of nonhuman primates remains controversial and may be heavily influenced by dietary composition ( , , , , , ). The lifespan extension associated with CR in model organisms is believed to operate through its effects on growth hormone (GH) and GH receptor (GHR), leading to subsequent deficiencies in IGF-1 and insulin levels and signaling ( , , , , ) . The effect of the insulin/IGF-1 pathway on longevity was first described in C. elegans by showing that mutations in the insulin/IGF-1 receptor or in the downstream age-1 gene caused a several-fold increase in lifespan ( , , ) . Other studies revealed that mutations in orthologs of genes functioning in insulin/IGF-1 signaling, but also activated independently of insulin/IGF-1, including TOR-S6K and RAS-cAMP-PKA, promoted aging in multiple model organisms, thus providing evidence for the conserved regulation of aging by pro-growth nutrient signaling pathways ( , , ,
. Not surprisingly, in mice, growth hormone receptor deficiency (GHRD) or growth hormone deficiency (GHD), both of which display low levels of IGF-1 and insulin, cause the strongest lifespan extension but also reduction of age-related pathologies including cancer and insulin resistance/diabetes ( , , ) .
Recently, we showed that humans with growth hormone receptor deficiency (GHRD), also exhibiting major deficiencies in serum IGF-1 and insulin levels, displayed no cancer mortality or diabetes. Despite having a higher prevalence of obesity, combined deaths from cardiac disease and stroke in this group were similar to those in their relatives ( ). Similar protection from cancer was also reported in a study that surveyed 230 GHRDs ( ).
Protein restriction or restriction of particular amino acids, such as methionine and tryptophan, may explain part of the effects of calorie restriction and GHRD mutations on longevity and disease risk, since protein restriction is sufficient to reduce IGF-1 levels and can reduce cancer incidence or increase longevity in model organisms, independently of calorie intake ( , , ,
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▼ Results

Marketplace Recommendations
The study population included 6,381 adults ages 50 and over from NHANES III, a nationally representative, cross-sectional study. Our analytic sample had a mean age of 65 years and is representative of the United States population in ethnicity, education, and health characteristics (Table S1 ).
On average, subjects consumed 1,823 calories, of which the majority came from carbohydrates (51%), followed by fat (33%) and protein (16%), with most of it (11%) derived from animal protein. The percent of calorie intake from protein was used to categorize subjects into a high protein group (20% or more of calories from proteins), a moderate protein group (10%-19% of calories from proteins), and a low protein group (less than 10% of calories from proteins).
Mortality follow-up was available for all NHANES III participants through linkage with the National Death Index up until 2006 ( ). This provided the timing and cause of death. The follow-up period for mortality covered 83,308 total person-years over 18 years, with 40% overall mortality, 19% cardiovascular disease (CVD) mortality, 10% cancer mortality, and about 1% diabetes mortality.
▼ Association between Protein and Mortality
Using Cox Proportional Hazard models, we found that high and moderate protein consumption were positively associated with diabetes-related mortality, but not associated with all-cause, CVD, or cancer mortality when subjects at all the ages above 50 were considered. Results showed that both the moderate and high protein intake groups had higher risks of diabetes mortality compared to participants in the low protein group. Although taken together these results indicate that moderate to high protein intake promotes diabetes mortality, larger studies are necessary to test this possibility further. An alternative explanation for the elevated diabetes mortality in the higher protein group is that, following a diabetes diagnosis, some individuals may switch to a diet comprised of higher protein, lower fat, and low carbohydrates. To test this, we examined the association between protein intake and diabetes mortality in participants who had no prevalence of diabetes at baseline (Table S7 ).
Among subjects with no diabetes at baseline, those in the high protein group had a 73-fold increase in risk (HR: 73.52; 95% CI: 4.47-1,209.70), while those in the moderate protein category had an almost 23-fold increase in the risk of diabetes mortality (HR: 22.93; 95% CI: 1.31-400.70). We underline that our hazard ratios and confidence intervals may be inflated due to our sample size and the extremely low incidence of diabetes mortality in the low protein group. Overall, there were only 21 diabetes deaths among persons without diabetes at baseline, only 1 of which was from the low protein group. Nevertheless, despite the small sample size, our results still show significant associations between increased protein intake and diabetes-related mortality.
To determine whether the association between protein and mortality differed for middle-aged and older adults, Cox proportional hazard models were rerun, testing for an interaction between protein consumption and age. Significant interactions were found for both all-cause and cancer mortality, indicating that the low protein diet was beneficial in mid-life; however, its benefits declined with age ( Figure 1 ). Based on these results, we stratified the population into two age groups, those ages 50-65 (n = 3,039) and those ages 66+ (n = 3,342), and re-examined relationships between protein and cause-specific mortality. Among those ages 50-65, higher protein levels were linked to significantly increased risks of all-cause and cancer mortality (Table 1 ). In this age range, subjects in the high protein group had a 74% increase in their relative risk of all-cause mortality (HR: 1.74; 95% CI: 1.02-2.97) and were more than four times as likely to die of cancer (HR: 4.33; 95% CI: 1.96-9.56) when compared to those in the low protein group. None of these associations was significantly affected by controlling for percent calories from total fat or for percent calories from total carbohydrates. However, when the percent calories from animal protein was controlled for, the association between total protein and all-cause or cancer mortality was eliminated or significantly reduced, respectively, suggesting animal proteins are responsible for a significant portion of these relationships. When we controlled for the effect of plant-based protein, there was no change in the association between protein intake and mortality, indicating that high levels of animal proteins promote mortality and not that plant-based proteins have a protective effect (Table S5 ). Adjusted for covariates and % kcals from animal protein.
Compared to subjects reporting a low protein diet, subjects who consumed moderate levels of protein also had a 3-fold higher cancer mortality (HR: 3.06; 95% CI: 1.49 -6.25), which was not accounted for by either percent calories from fat or percent calories from carbohydrates, but was marginally reduced when controlling for percent calories from animal protein (HR: 2.71; 95% CI: 1.24-5.91), although the size of the effect was not as large as for those in the high protein group. Taken together, these results indicate that respondents ages 50-65 consuming moderate to high levels of animal protein display a major increase in the risks for overall and cancer mortality;
however, the risks may be somewhat decreased if protein does not come from an animal source. Similar results were obtained if the population 45-65 was considered, although few deaths occurred in the 45-50 group (data not shown).
In contrast to the findings above, among respondents who were 66 years of age and over at baseline, higher protein levels were associated with the opposite outcomes for overall and cancer mortality but a similar outcome for diabetes mortality (Table 1) . When compared to those with low protein consumption, subjects who consumed high amounts of protein had a 28% reduction in all-cause mortality (HR: 0.72; 95% CI: 0.55-0.94), while subjects who consumed moderate amounts of protein displayed a 21% reduction in all-cause mortality (HR: 0.78; 95% CI: 0.62-0.99). Furthermore, this was not affected by percent calories from fat, from carbohydrates, or from animal protein. Subjects with high protein consumption also had a 60% reduction in cancer mortality (HR: 0.40; 95% CI: 0.23-0.71) compared to those with low protein diets, which was also not affected when controlling for other nutrient intake or protein source.
▼ The Influence of IGF-1 on the Association between Protein and Mortality
Adjusted mean IGF-1 levels were positively associated with protein consumption for both age groups (Figure 2 ). Because IGF-1 was only available for a randomly selected subsample (n = 2,253), we re-examined the age-specific associations between protein and cause-specific mortality in this sample and found them to be similar to what was seen in the full sample, although with somewhat larger effect sizes (Table S3 ). Next we examined whether IGF-1 acted as a moderator or mediator in the association between protein and mortality. We found that while IGF-1 did not account for the association between protein consumption and mortality (Table S3) , it was an important moderator of the association, as indicated by the statistically significant interactions between protein and IGF-1 level (Table S4) .
From these models, predicted hazard ratios by IGF-1 and protein group were calculated ( Figure S2 ). Results showed that for every 10 ng/ml increase in IGF-1, the mortality risk of cancer among subjects ages 50-65 increases for the high protein versus the low protein group by an additional 9% (HR : 1.09; 95% CI: 1.01 -1.17). In contrast, among older subjects (66+ years), when comparing those in the low protein group, subjects with high or moderate protein diets had a reduced risk of CVD mortality if IGF-1 was also low; however, no benefits were found with increased IGF-1.
▼ Protein Intake, IGF-1, and Cancer in Mice
To verify causation and understand the mechanism that may link proteins to cancer and overall mortality, we studied the effect of a range of protein intake (4%-18%) similar to that of subjects in the NHANES III study on the levels of circulating IGF-1, cancer incidence, and cancer progression in mice. Eighteen-week-old male C57BL/6 mice were fed continuously for 39 days with experimental, isocaloric diets designed to provide either a high (18%) or a low (4%-7%) amount of calories derived from protein, without imposing CR or causing malnutrition (Figures S1A and S1B).
To understand how the different levels of protein and IGF-1 may affect the ability of a newly formed tumor to survive and grow after 1 week on diets containing different protein levels, both groups were implanted subcutaneously with 20,000 syngeneic murine melanoma cells (B16). Tumor measurements began 15 days postimplantation and after 22 days on the diets, at which point incidence was found to be 100% for the high protein level (18%) group but 80% for the low protein level (4%) group ( Figure 3A) . At day 25, incidence rose to 90% in the low protein group and remained there until the end of the experiment ( Figure 3A ). From day 22 until the end of the experiment, tumor size was significantly smaller in the group consuming a lower amount of proteins, indicating a much slower tumor progression. At day 39 the mean tumor size was 78% larger in the high compared to the low protein group (day 36, p = 0.0001; day 39, p < 0.0001) ( Figure 3B ). To test the hypothesis that GHR signaling may be involved in this effect of protein levels, blood samples were obtained and analyzed at day 16 to determine the levels of IGF-1 and the IGF-1 inhibitory protein IGFBP-1 ( ). Serum IGF-1 was 35% lower (p = 0.0004) in the low protein group when compared to animals fed the high protein diet ( Figure 3C ). Conversely, serum IGFBP-1 was 136% higher (p = 0.003) in the low protein group compared to the high protein group ( Figure 3D ).
To test further the hypothesis that the GHR-IGF-1 axis promotes cancer progression, we implanted subcutaneous melanoma (B16) into GHR/IGF-1-deficient GHRKO mice and their respective age-and sex-matched littermate controls (18-week-old male C57BL/6 mice). Tumor measurements began 10 days postimplantation and continued until day 18. The data show that tumor progression is strongly inhibited in the GHRKO mice when compared to progression in the control group (Figures 3E and S1L; p < 0.01).
We also tested the effect of protein intake on breast cancer incidence and progression in a mouse model. Twelve-week-old female BALB/c mice were placed under the same dietary regimen as described for C57BL/6 mice, except that the mice had to be switched from a 4% to a 7% kcal from protein diet within the first week in order to prevent weight loss ( Figures S1E and S1F ). After a week of feeding on these diets, mice were implanted subcutaneously with 20,000 cells of syngeneic, murine breast cancer (4T1), and 15 days later animals were assessed for tumors. On day 18 postimplantation (day 25 on the diet), tumor incidence was 100% in the high protein (18%) group but only 70% in the low protein (7%) group. The incidence in the low protein group rose to 80% at day 39, where it remained until the end of the experiment ( Figure 3F) . A 45% smaller mean tumor size was also observed in the low protein group compared to the high protein group at the end of the experiment at day 53 (p = 0.0038) ( Figure 3G ). As for C57BL/6 mice, IGF-1 was measured after 16 days from the switch to different protein levels. In the low protein intake group, IGF-1 levels were reduced by 30% compared to those in the high level group (p < 0.0001) ( Figure 3H ). Additionally, a low protein intake also caused an IGFBP-1 increase of 84% (p = 0.001) ( Figure 3I ), similar to what was observed in the C57BL/6 genetic background ( Figure 3D ). Analogously, when soy protein intake was reduced from high levels to low levels, we observed a 30% decrease in IGF-1 (p < 0.0001) ( Figure 3J ) and a 140% increase in IGFBP-1 (p < 0.0001) ( Figure 3K) . Although there was a trend for an effect of substituting the same level of animal protein with plant protein on IGF-1 and IGFBP-1, the differences were not significant. These data suggest that lower protein intake may play a role in decreasing cancer incidence and/or progression in part by decreasing IGF-1 and increasing the IGF-1 inhibitor IGFBP-1. Additional studies on various types of animal-versus plant-based proteins are necessary to determine their effect on cancer, IGF-1, and IGFBP-1. To test the hypothesis that there is a fundamental link between the level of amino acids and lifespan, the impact of the presence of specific concentrations of amino acids on yeast survival and mutation rate was assayed. A wild-type DBY746 S. cerevisiae strain was grown in the presence of half (0.5×), standard (1×), and double (2×) amino acid concentrations with all other nutrients maintained constant. Survival was measured at days 1, 3, 5, and 8. No survival differences were observed during days 1 and 3. At day 5, the two highest amino acid concentrations showed a trend for increased mortality, which resulted in a 10-fold decrease in surviving cells by day 8 ( Figure 3L ).
In order to assess the relationship between amino acids, aging, and age-dependent DNA damage, we used aging S. cerevisiae to measure spontaneous mutation rate (
). The mutation rate was 3-and 4-fold higher in 5-day-old but not young cells exposed to 1× and 2× amino acid levels, respectively, compared to cells exposed to a 0.5× amino acid concentration ( Figure 3M ). These results indicate that even in unicellular organisms, amino acids can promote cellular aging and agedependent genomic instability.
To further discern the pathways involved in promoting age-dependent genomic instability, we measured the induction of stress responsive genes regulated by the Ras-PKA-Msn2/4 and Tor-Sch9-Gis1 pathways in the presence or absence of amino acids. For cells grown in control media containing only tryptophan (Trp), leucine (Leu), and histidine (His) (essential for growth in this strain), the presence of all amino acids in the media reduced the induction of stress resistance transcription factors Msn2/4 (STRE) and Gis1 (PDS), indicating that the addition of amino acids was sufficient to inhibit cellular protection ( Figure 3N) .
The Tor-Sch9 pathway extends longevity but also promotes DNA mutations ( , ). To determine whether Ras-cAMP-PKA signaling also regulates age-dependent genomic instability, we studied Ras2-deficient mutants. We confirmed that ras2Δ mutants are long-lived ( Figure S1H ) but also show that inactivation of Ras signaling attenuated age-and oxidative stress-dependent genomic instability ( Figures S1I, S1J, 3O , and S1K). Together, these results indicate a mechanism where amino acids are able to affect mutation frequency and thus genomic instability, at least in part, by activation of the Tor-Sch9 and Ras/PKA pathways and decreased stress resistance ( Figure 3P ).
▼ Low Protein Intake and Weight Maintenance in Old Mice
Based on the observed opposite effects of a low protein diet in subjects 50-65 years old versus those 66 and older and on the major drop in BMI and IGF-1 levels after age 65, we hypothesized that older subjects on a low protein diet may become malnourished and unable to absorb or process a sufficient level of amino acids. To test this possibility in mice, we fed young mice (18 weeks old) and old mice (24 months old) with isocaloric diets containing either 18% or 4% animal protein. A very low protein diet was purposely selected to reveal any sensitivity to protein restriction in an old organism. Whereas old mice maintained on a high protein diet for 30 days gained weight, old but not young mice on a low protein diet lost 10% of their weight by day 15 (Figures 4A and 4B ), in agreement with the effect of aging on turning the beneficial effects of protein restriction on mortality into negative effects.
▼ Discussion
Here, using a major nationally representative study of nutrition in the United States population, our results show that among those ages 50 and above, the level of protein intake is associated with increased risk of diabetes mortality, but not associated with differences in all-cause, cancer, or CVD mortality. Nevertheless, we found an age interaction for the association between protein consumption and mortality, both overall and from cancer, with subjects ages 50-65 years potentially experiencing benefits from low protein intake, and subjects ages 66+ experiencing detriments. This may explain why previously the strong association between protein intake, IGF-1, disease, and mortality has been poorly understood and controversial ( ). Furthermore, among 2,253 subjects, the risks of all-cause and cancer mortality for those with high protein intake compared to the low protein intake group were increased even further for those who also had high levels of IGF-1. This is in agreement with previous studies associating IGF-1 levels to various types of cancer (  ,  ,  ) .
Notably, our results showed that the amount of proteins derived from animal sources accounted for a significant proportion of the association between overall protein intake and all-cause and cancer mortality. These results are in agreement with recent findings on the association between red meat consumption and death from allcause and cancer ( , ) . Previous studies in the U.S. have found that a low carbohydrate diet is associated with an increase in overall mortality and showed that when such a diet is from animal-based products, the risk of overall as well as cancer mortality is increased even further ( , ) . Our study indicates that high levels of animal proteins, promoting increases in IGF-1 and possibly insulin, is one of the major promoters of mortality for people age 50-65 in the 18 years following the survey assessing protein intake.
Our results from yeast and mice may explain at least part of the fundamental connection between protein intake, cancer, and overall mortality by providing a link between amino acids, stress resistance, DNA damage, and cancer incidence/progression. In mice, the changes caused by reduced protein levels had an effect potent enough to prevent the establishment of 10%-30% of tumors, even when 20,000 tumor cells were already present at a subcutaneous site. Furthermore, the progression of both melanoma and breast cancer was strongly attenuated by the low protein diet, indicating that low protein diets may have applications in both cancer prevention and treatment, in agreement with previous studies ( ,
Although protein intake is associated with increased mortality for adults who were middle-aged at baseline, there was also evidence that a low protein diet may be hazardous for older adults. Both high and moderate protein intake in the elderly were associated with reduced mortality compared to that in the low protein group, suggesting that protein intake representing at least 10% of the calories consumed may be necessary after age 65 to reduce age-dependent weight loss and prevent an excessive loss of IGF-1 and of other important factors. In fact, previous studies have noted that an increased protein intake and the resulting increase in IGF-1 may prove beneficial in older adults ( ), and the switch from the protective to the detrimental effect of the low protein diet coincides with a time at which weight begins to decline. Based on previous longitudinal studies, weight tends to increase up until age 50-60, at which point it becomes stable before beginning to decline steadily by an average of 0.5% per year for those over age 65 ( , ) . We speculate that frail subjects who have lost a significant percentage of their body weight and have a low BMI may be more susceptible to protein malnourishment. It is also possible that other factors such as inflammation or genetic factors may contribute to the sensitivity to protein restriction in elderly subjects, in agreement with our mouse studies.
Although other studies have noted age-associated declines of nutrient absorption in rodents related to changes in the pH microclimate, impaired adaptive response in the aged gut, and changes in the morphology of the intestine, there is still no clear association between food absorption and mortality ( , ). In humans, some studies have shown that dietary protein digestion and absorption kinetics are not impaired in vivo in healthy, elderly men. However, these studies have also reported increased splanchnic extraction of amino acids, which might result in decreased availability to peripheral tissues, and speculated that in the case of low protein intake or increased protein requirement, the limited systemic availability of dietary amino acids may contribute to decreased muscle protein synthesis ( , ) . Furthermore, in humans factors like poor dentition, medication, and psychosocial issues also play a significant role in rates of malnourishment ( ).
IGF-1 has been previously shown to decrease at older ages ( ), possibly increasing the risk of frailty ( ) and mortality ( ). Thus our findings may explain the controversy related to IGF-1 and mortality indicating that a minimum level of proteins and possibly IGF-1 is important in the elderly, or that low circulating IGF-1 reflects a state of malnourishment, frailty, and/or morbidity ( ). In fact, inflammation and other disorders are known to decrease IGF-1 levels, raising the possibility that the low protein and low IGF-1 group may contain a significant number of both malnourished and frail individuals having or in the process of developing major diseases ( 
